In this study, a measurement method of surface texture of tooth flanks with a CNC gear measuring instrument is validated. Especially, in order to inspect effect of probe profiles on the evaluation of surface texture, this paper proposes a numerical calculation method that simulates displacement of the probe contacting with tooth flanks of interest. The proposed method uncovers properties of profile curves of tooth flanks measured with different probes, which are installed on the gear measuring or surface roughness instruments. In the simulation, scanned data of a roughness standard test piece is used as tooth flanks, and ideal geometrical models of the different probes are used to calculate the probe motion. Finally, the statistical characteristic quantities of the simulated profile curves are evaluated to show the effect of the probe profile difference on the measurement results.
Introduction
Recently, hybrid systems and electric cars are becoming increasingly common. Due to the disappearance of noise generated by combustion engines, requirements for noise reduction of transmissions of these cars are unprecedented high. Gears used have a significant influence on transmission noise, especially, it is said that the usage of accurate gears can realize quiet transmissions ( (Nabekura et al., 2002 , Gravel, 2013 , 2014 , Yuzaki, 2011 , Robinson and Oakley, 1992 . Thus, according to evaluation of profile, helix and pitch deviations, accuracy of manufactured gears is classified (JIS B 1702 (JIS B -1, 2015 . However, there has been little interest in accuracy measurement methods of gears in comparison with manufacturing methods of gears (Nabekura et al., 2006 , Takeoka et al., 2009 . Kim et al. (2016) proposed a new measuring method for single pitch deviations. In this method, measured helix trace data were conditioned with a filter to be divided into short-and long-wavelength components. Single pitch deviations were calculated from the long-wavelength components around the center of facewidth. The signal processing used in the study is based on JIS B 0601 (2013) and is able to extract long-wavelength components, that is, waviness remaining on tooth flank from measurement data. On the other hand, it must be that short-wavelength components include roughness information remaining on tooth flanks. Generally, the roughness on tooth flanks must be measured with surface roughness instruments (JIS B 0651, 2001 , Raja et al, 2002 , Yoshida, 2013 . If the roughness of gears is simultaneously evaluated by analyzing measurement data obtained with the gear measuring instruments, it will be very useful and increase efficiency by saving time. However, no research has shown the relation between roughness remaining on tooth flanks and the short-wavelength components obtained from filtered data measured with the gear measuring instruments. Especially, the probe profile used in the gear measuring instruments is strikingly different from that of the surface roughness instruments, and the profile difference should have considerable effect on results of the measured profile curves.
The objective of this paper is to uncover the effect of the probe profile difference on the measurement result through numerical simulation. At first, we propose a simple numerical simulation method, which is able to simulate the profile curves measured with the probes moving over tooth flanks. We assume that the deformation of tooth flanks in contact with the probes is negligible, because of the small contact force. In this case, the maximum of difference between scalar functions expressing the tooth flank and probe existing at an arbitrary point, expresses the perpendicular distance of the probe from the tooth flank at the point. When the probe position is moved along a straight line on the tooth flank, the maximum of difference between two functions generates height information of the probe along the path, i.e. profile curves of the surface. For this simulation, a three dimensions optical profiler scans the surface of a roughness standard specimen. The scanned curved surface data is used as a substitute for tooth flank data, and the profile curves measured with the probes having different shapes are calculated by the above-mentioned method. Finally, the statistical characteristic quantities of the simulated profile curves are calculated and evaluated to show the effect of the probe profile difference on the measurement results.
Caluculation method of probe displacement
The objective of this paper is to clarify the effect of difference between probe profiles, which are for the gear measuring or surface roughness instruments, on measurement results of tooth flanks. For this purpose, this study proposes a simple numerical simulation method. The proposed method is able to simulate the displacement, which is perpendicular to tooth flanks and is measured with the probes moving over the tooth flanks in contact with the tooth flanks. Additionally, the statistics of the profile curve, i.e. the calculated probe displacement, is compared with the true value of the profile curve to evaluate the error. At first, the analysis assumption is shown.
Deformation volume by probe contact
The probes of either gear measuring instruments or surface roughness instruments contact with tooth flanks during measurement. Generally, the contact force of the probes is set to extremely small value in consideration of deformation and damage of measurement objects. For example, according to Japanese Industrial Standards JIS B 0651 (2001) used for the measurement of roughness, the static measurement force must be 0.75mN, when the probe needlepoint radius is 2, 5 or 10µm. Under such conditions, the deformation volume of the measurement objects also becomes small. Table 1 shows one example of the deformation volume of a measurement object whose material is SCM440. The deformation volume was calculated by using the classical contact mechanics (Hertzian theory). Where, it was assumed that the measurement objects and probe are simple spheres of elastic body, and the radius of one sphere, which expresses the probe, is fixed at 2µm. The radius of the other, which expresses the measurement object, is also listed in Table 1 . The right column of the table shows the depth of indentation. The value is small enough compared with measurement order. That is to say, the influence of deformation on the calculation results can be ignored. 
Proposed calculation method
If the deformation volume by the contact between the measurement objects and probes is ignored, the position relation between the curved surface of the measurement object and of the probe can be expressed very briefly. A scalar function z(x, y) of a position (x, y) expressed by using rectangular coordinate is defined. A tooth flank, as the Kim, Iba, Tatsumi, Hongu and Moriwaki, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) measurement objects is then expressed as z surf (x, y) by using the function．Similarly, a curved surface expressing the probe is defined as z tool (x, y) . Additionally, the shift quantity (x s , y s ) is introduced to express the current position of the probe during measurements. Then, a point of the probe profile can be expressed as z tool (x -x s , y -y s ) in consideration of the probe position related to the tooth flank z surf (x, y) .
By using these functions when the probe moves to any point (x s , y s ), the distance between the tooth flank and probe in contact may be expressed as the next equation at the point.
Here, max means maximum function. Namely, if a probe of interest is expressed as z tool (x, y) , the fluctuation of the probe at position (x s , y s ) can be obtained by the calculating z st (x s , y s ). (x, y) is the scalar function expressing the shape of the probe for measurement. The shape of the probe is a half sphere, and the radius is 2 µm.
Fig. 3 Subtraction of two scalar functions
The maximum point of the subtraction of two scalar functions is the location of contact. Moving the probe along a straight line generates the profile curve of the rough surface.
Kim, Iba, Tatsumi, Hongu and Moriwaki, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) Figure 1 shows an example of a scalar function z surf (x, y) of a measuring object with a rough surface. The function has two variables x and y. The height information of the surface is z surf . Figure 2 shows an example of a scalar function z tool (x, y) of a probe profile for measurements. In this figure, the function expresses a half sphere whose radius is 2 µm. In addition, figure 3 shows the difference !"#$ ( , ) − !""# ( − ! , − ! ) at a point (x s , y s ). Then, the maximum value of the difference as shown in Figure 3 is the contacting point of two surfaces without considering deformation, and the scalar quantity !" ( ! , ! ) is the probe displacement. The numerical calculation can generate the profile curves of measurement objects measured with different probes for gear measurement instruments or surface roughness instruments.
Evaluation indexes of calculation results
After calculating the profile curves of measurement objects, the profile curves are evaluated by the following indexes. These evaluation indexes are based on the indexes for assessments of surface properties in Japanese Industrial Standards, JIS B 0601 (2013). Here, f(x) is the calculated profile curves.
Arithmetic mean profile Ra (Absolute mean)
0 1 ( )d l a R f x x l = ∫ (2)
Root mean square deviation Rq
2 0 1 ( )d l q R f x x l = ∫ (3)
Ten point height of irregularities Rzjis
( )
Where, fpi are the peak points from the highest to the 5th highest in the sampled section, and fvi are the valley points from the lowest to the 5th lowest in the sampled section.
Mean height Rc
Where, fti are the height of profile elements, which consist of a peak and a neighboring valley.
Maximum peak height Rp
max ( ) p R f x = (6)
Maximum root depth Rv
3.7 Maximum height profile Rz
Total height of profile Rt
Kim, Iba, Tatsumi, Hongu and Moriwaki, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) Total height of profile is the vertical distance between the maximum profile peak height and the maximum profile valley depth along the evaluation length. The above-mentioned 8 indexes are used for evaluation in next chapter.
Numerical simulation 4.1 Measurement object
In this study, a standard test piece of roughness is used as a sample of measurement objects instead of actual gear tooth flanks. Then, the object surface data z surf (x, y) used in numerical simulations is measured with a three dimensions optical profiler (Zygo NewView 8200 as shown in Fig. 4 ). Figure 5 shows the measured surface data of the standard test piece; the level of roughness is Ra 0.2. The measurement condition is, resolution of x and y direction: 0.8092µm, resolution of z direction: 0.1nm. The measured area is 828.6 µm by 828.6 µm. 
Probe shape
Next, this subsection shows the probes used in numerical simulations. Two probes are considered in this paper.
Probe for surface roughness instruments
The tip of probes for surface roughness instruments is expressed as a half spherical surface of radius r. Figure 6 shows a SEM image of the probe whose radius r is 2µm. The tip of the probe is slightly worn out, because of not brand-new. The scalar function of this probe is expressed as
Where r is the radius of the sphere. Figure 7 shows the graph of the scalar function expressed in Eq.
(1 adius of sphere is 2 µm and the direction of the function is placed upside down.
In this study, this probe radius r is changed from 1 µm to 75 µm, and the statistical characteristic quantities, or the above-mentioned indexes, of the calculated profile curve are evaluated in comparison with that of the original data 5 (10) 0). In this figure, the r Vol.11, No.6 (2017) measured with Zygo New View 8200. Fig. 6 SEM image of a probe for surface roughness instruments. The shape of the tip is a half sphere. In this image, the radius of the sphere is 2 µm. 
Probe for gear measuring instruments
The tip of the probe installed in the gear measuring instruments made by OSAKA SEIMITSU KIKAI CO. LTD. is expressed as a torus curved surface (doughnut), which has two different radiuses of curvature. Figure 8(a) shows a SEM image of the actual probe for roughness measuring instruments that has two curvature radiuses; 50µm and 750µm, respectively. The scalar function of this probe is expressed as (1 where a, b, c and d are the parameters of torus curved surface, which can control the axis lengths of ellipses as shown in Fig.8(b) . If a = b = c, then, the large radius is obtained by a + ad and the small radius is defined by a. Figure 9 (a) shows the graph of the scalar function expressed in Eq.
(1 ), which is for the torus curve whose two curvature radiuses are 50µm and 750µm. In this figure, the parameters are a = 50, b = 50, c = 50 and d = 14, respectively.
This probe for gear measuring instruments may generate deferent profile curves of the measurement objects depending on the probe moving direction, because of the two deferent curvature radiuses. Generally, the small radius of curvature is used for measurement in the tooth profile direction, and the large radius of curvature is used for measurement in the tooth trace (helix) direction. Therefore, measurements of the tooth profile and trace (helix) Systems, and Manufacturing, Vol.11, No.6 (2017) directions are expressed as OSKpr and OSKtr in this simulation. 
Calculated profile curves
According to the proposed method, the profile curves of the standard test piece were calculated. In these simulations, for the sphere-type probe case, the radii of curvature used are 2µm and 75µm, respectively. Figure 10(a) shows the true value of the profile curves of standard test piece of roughness (Ra0.2) measured with Zygo, Figure 10(b) shows the enlarged view of the profile curves. In this figure, the blue line shows the true value measured with Zygo, and the red and green lines show the calculated profile curves measured with the probes whose radii of curvature are 2µm and 75µm, respectively. Clearly, the calculated profile curve measured with the small probe is almost identical to the true value. On the other hand, as can be seen in Fig. 10(b) , it appears that the large size probes (75µm) is able to trace the convex shape, but cannot go down to the bottom of concave shape along the true profile curve due to the large radii. From this figures, it is understood that there is the tendency that the profile curve errors from true value are increased with increasing the radius of curvature. These results are little wonder, but the question is: how much error does it have, when a different shape probe is used. The main objective of this paper is to provide a basis for investing Kim, Iba, Tatsumi, Hongu and Moriwaki, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) such question. In the next section, the statistical characteristic quantities of the simulated profile curves are shown for this purpose. Where, Rzygo stands for one of the evaluation indexes of the true profile curves obtained from Zygo's surface data z surf , and Rprobe stand for that of the profile curves calculated by the proposed method on the assumption that the spherical probe is used. Fig. 11 Arithmetic (absolute) mean and root mean square errors of the profile curves. The horizontal axis is the radius of sphere probes, and the vertical axis is the error from the true value. The errors of R a and R q are gradually increasing as the radius of sphere probe is increasing. Figure 11 shows the results of absolute mean error R a and root mean square error R q . In this figure, the horizontal axis is the radius of sphere probes, and the vertical axis is the error from the true value. The measurement object is the standard test piece of roughness (R a 0.2), and R a of the true value is 0.1390µm, R q is 0.6743µm. From this figure, the errors of R a and R q are gradually increasing as the radius is increasing. The tendency of the absolute mean error and the root mean square error is very similar.
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Error evaluation 5.1 Relation between probe size and statistics error
In order to uncover the effect of the probe tip size on the measured profile curves, the evaluation indexes mentioned in the above section are calculated from the profile curves measured with the different spherical probes. The radii of the spherical probe changed from 1µm to 75µm. Equation (12) shows the error from the true value. In this equation, the profile curve measured with Zygo New View 8200 is defined as the true value. Kim, Iba, Tatsumi, Hongu and Moriwaki, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) Next, the result of ten point height of irregularities R zjis and mean height R c are shown in Fig. 12 . From this figure, it appears that the small size radius by 10µm has no error and the error appears suddenly and is increasing as the radius is increasing, as well as other results. It is said that there is an insensitive zone for these errors. R zjis of the true value is 1.4162µm, and R c of the true value is 0.9040µm. Fig. 12 Errors of ten-point mean height and mean height of the profile curves. The horizontal axis is the radius of sphere probes, and the vertical axis is the error from the true value. As can be seen, R zjis and R c have insensitive zone in the small radius region. Figure 13 shows the result of maximum peak height R p , maximum root depth R v , maximum height profile R z and total height of profile R t . From this figure, it is said that the increasing tendency of R z and R t is similar and there is an insensitive zone as well as the case of ten point height of irregularities R zjis and mean height R c . The insensitive zone is extended, and it appears that the small size radius by 30µm has small error. The maximum root depth R v is similar to the increasing tendency of R z and R t without insensitive zone. Additionally, the maximum peak height R p is growing proportionally, and it is like R a (absolute mean error) and R q (root mean square error). Even if the size of probe were extremely large, the probe would be able to trace the line at the top of the convex. However, the average of the profile curves are increased, when increasing the radius of the probe. Because the probe cannot trace the line at the bottom of the concave. Therefore, this error of R p is also sensitive to the size of probe. According to the definition of statistics, the other errors are in the middle of the both. R p , R v , R z and R t of the true value are 0.4942µm, 0.9233µm, 1.4175µm and 1.4141µm, respectively. Fig. 13 Error of maximum peak height, maximum root depth, maximum height profile and total height of profile curve.
Increasing tendency of R z and R t is exponential and similar to R zjis and R c . As can be seen, there is a insensitive zone in this figure. Increasing tendency of R p is also exponential, but it does not have the insensitive zone. On the other hand, the errors of the maximum root depth R v is proportionally increased.
Effect of surface roughness on statistics error
Next, calculating evaluation indexes of profile curves of different surface roughness unveils the dependency of the Kim, Iba, Tatsumi, Hongu and Moriwaki, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) statistics error on measured roughness levels. The standard test piece of roughness, whose roughness levels are R a 0.2, 0.4 and 0.8, was measured with Zygo New View 8200. Then, the all indexes (not shown here) were numerically calculated and evaluated as well as the above results. Figure 14 shows the result of absolute (arithmetic) mean error R a . In this figure, the red, blue and green lines show the error results that the measuring objects are the standard test piece of the roughness level R a 0.2, 0.4 and 0.8, respectively. The horizontal axis is the radius of the half sphere of the probe. From this figure, it is said that the large surface roughness deteriorates the error of R a , because the tip of probe cannot correctly trace the profile curves at the deep valley. If the absolute mean error R a is suppressed to the tolerable error, the size of probe must be carefully chosen by reference to the Fig. 14. For example, when the roughness level of the measurements object is R a 0.2, the tip of probe radius 75µm is sufficient to reduce the error within 5%. However, when the roughness level of the measurements object is R a 0.8, the tip of probe radius 75µm is not small enough for the accurate measurements. In this case, the radius of 40 µm is suitable for 5% error. 
Roughness measurements with the probe for gear measuring instruments
Finally, we simulated and calculated the profile curve measured with the probe used for gear measuring instruments made by OSAKA SEIMITSU KIKAI CO. LTD. Then, we investigated the errors from true value, statistically. Figure 15 Kim, Iba, Tatsumi, Hongu and Moriwaki, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.11, No.6 (2017) curve measured with the prove moving in the axial direction of 750µm radius (OSKpr), and the green line is the calculated profile curve measured with the probe moving in the axial direction of 50µm radius (OSKtr). The profile curve measured by OSKtr has the large gap at the bottom of concave shape. (b) Moving direction of probe. This figure shows the moving direction of the probe by using the torus model shown in equation 11.
From this figure, clearly, the probe cannot go down into the bottom of concave, when the 750µm radius disk is used for measurements. On the other hand, it appears that 50µm radius disk is small enough for measurements of surface roughness in this simulation. Table 2 shows the calculation results of statistics of the profile curves measured with the probes for gear measuring instruments (OSKpr and OSKtr) or surface roughness instruments (Roughness probe). As can be seen, roughness level R a 0.2, R a 0.4 and R a 0.8 of the standard test piece of roughness were also investigated and the results were shown in the table. The table shows that the small radius of probe (2µm) can trace the profile of roughness and the errors of statistics values are small enough. On the other hand, the large radius of probe (750µm) cannot correctly trace the profile anymore. In the case of the middle size (50µm), the errors of R a are partially under 5%, however, the errors of R z are partially over 10%. It means that acceptable error of this size depends on situation. Additionally, there is a tendency that the error increases with an increase with roughness level, because large probes cannot move down along the profile of deep valleys.
From this table, it is concluded that 1. the probe moving in the axial direction of 50µm radius (OSKtr: green line in figure 15(a) ) is impossible to measure the profile curve of surfaces with accuracy, 2.
the probe moving in the axial direction of 750µm radius (OSKpr: red line in figure 15(a)), which is for measuring tooth profile, is possible to measure the profile curve of surfaces, if the roughness of the surfaces is comparatively smooth. 3.
if the accuracy of the measured data of roughness is required, the shape of the probe must be redesigned in accordance with the result of this paper. 
Summary
The objective of this paper was to clear the effect of probe profile difference between gear measuring instruments and surface roughness instruments on the measurement result through numerical simulation. For this purpose, a simple numerical simulation method was proposed to simulate the profile curves measured with the probes moving over tooth flanks. Scanned curved surface data was used as a measurement object, and the profile curves measured with the probes, which have different shape, were calculated by the proposed method. Finally, the statistical characteristic quantities of the simulated profile curves were calculated and evaluated to show the effect of the probe profile difference on the measurement results. As a result of this simulation, the relation between the measurement error and the probe size was uncovered. In the near future, we will design the probe for gear measuring instruments, which has appropriate shape for measuring surface roughness of tooth flanks of gears.
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